ABSTRACT
INTRODUCTION
Aminoacyl-tRNA synthetases are a family of structurally diverse enzymes that catalyze the covalent addition of amino acids to the 3' terminus of their cognate tRNA molecules. These enzymes are responsible for ensuring the fidelity of the mRNA translation process. All twenty Escherichia coli tRNA synthetases have now been cloned and sequenced (1, 2) . Despite catalyzing the same reaction of attaching amino acids to tRNA molecules, tRNA synthetases exhibit a wide diversity in size and subunit compositions. The sizes of the polypeptides range from 303 amino acids for the a subunit of E.coli GlyRS (3) to 1440 amino acids for the human GlnRS (4), the largest monomeric tRNA synthetase. The quaternary structures of the synthetases are also diverse, ranging from monomers to homotetramers (a, a 2 , 0:4) or heterotetramers (a^i)-For the twenty E.coli enzymes, the native molecular masses range from 52,000 for CysRS (5) to 380,000 for AlaRS (6, 7) .
Based on the presence of conserved signature sequences and certain sequence motifs (1, 2, 8) , the twenty synthetases can be divided into two types, Class I and Class n, consisting of ten synthetases each. Class I synthetases contain the signature sequence HIGH and the KMSKS motif. On the other hand, the Class II synthetases share three regions of degenerate similarity known as motifs 1, 2, and 3. These motifs are conserved sequences of 10-12 amino acids. Two motifs contain a highly conserved and characteristic tetrapeptide sequence. Motif 1 is found only in synthetases that form a 2 dimers and is part of the interface region between dimers. Motif 2 is characterized by the consensus tetrapeptide FRNE. Motif 3, which is within the ATPbinding domain, contains the consensus sequence GLER. The active site of the Class II synthetases appears to be formed in part from residues making up motif 2 and/or motif 3 (1) . To date, the 3-dimensional structures of five aminoacyl-tRNA synthetases have been determined: Bacillus stearothermophilus TyrRS (9), E.coli GlnRS (10), MetRS (11) , and SerRS (12) , and Saccharomyces cerevisiae AspRS (13) . The first three are Class I, while the latter two are Class II synthetases.
Here we report to the best of our knowledge the first sequence of an aminoacyl-tRNA synthetase gene from the Gram-positive Streptococcus species. The hisS gene encodes the histidyl-tRNA synthetase enzyme (HisRS), which belongs to the family of Class II synthetases. 
Bacterial strains and growth media
Streptococcus equisimlis strain D181 (group Q was from the Rockefeller University Collection. Escherichia coli strain HB101 was used as the host in the cloning and the overexpression of die hisS gene. E.coli strain JM101 was used in the isolation of single-stranded template DNA for sequencing. E.coli strains were routinely grown at 37 °C in LB medium. D181 was grown in brain heart infusion broth (Difco). When appropriate, antibiotics were added at the following concentrations (in jig/ml): ampicillin, 50; tetracycline, 12.5; kanamycin, 40-50; chloramphenicol, 30.
Molecular cloning of the S. equisimilis hisS gene
The shuttle vector pSA3 (a gift from Dr. J.J. Ferretti, Univ. of Oklahoma Health Sciences Center; 14) was used in the cloning of the hisS gene. Standard methods for molecular cloning, transformation of E.coli HB101, Southern blotting, and colony screening were according to Sambrook et al. (15) . Chromosomal DNA from 5. equisimlis was isolated by the method of Marmur (16) . DNA sequencing was performed by the dideoxy chain termination method of Sanger et al. (17) with the TAQuence sequencing kit using M13mpl9 (18) as vector. Overlapping deletion subclones of each DNA strand were constructed using the Cyclone kit according to the manufacturer's protocols. Analyses of nucleotide and amino acid sequences were performed using PC/GENE software (IntelliGenetics, Inc.).
Expression of the hisS gene as a fusion protein in E.coli and cell extract preparation
Since the hisS gene product was not expressed well in E.coli, a fusion protein capable of overexpression was constructed. The subcloning of the coding region of the hisS gene into pT7-7 and overexpression in E. coli were based on the method of Tabor and Richardson (19) . E.coli HB101 carrying pGPl-2 and pTl-lrecUi (37) was grown overnight at 30°C in enriched medium (2% tryptone, 1% yeast extract, 0.5% NaCl, 0.2% glycerol, 50 mM potassium phosphate, pH 7.2) with 50 /*g/ml each of ampicillin and kanamycin. The culture was induced at 42°C for 30 min, rifampicin was added to a final concentration of 200 /xg/ml, and the cells were incubated for an additional 2 h at 37 °C. The cells were harvested by centrifugation at 3,200xg for 10 min, washed with M9 medium and resuspended in sonication buffer (10 mM Tris-HCl, pH 8, 1 mM EDTA, 2 mM N-ethylmaleimide, 10 /tM phenylmediyl-sulfonyl fluoride). The cell suspension was sonicated, centrifuged at 13,000xg for 10 min to pellet cell debris, and then centrifuged at 100,000xg for 60 min to obtain the soluble fraction (S100). The S100 fraction was used to measure charging activity of the expressed protein. Details of the overexpression system, the purification of HisRS and characterization of me enzyme will be presented elsewhere (37).
Protein sequencing
To confirm the N-terminal deduced amino acid sequence of the HisRS, cell pellets from induced HB101 (containing pGPl-2 and pT7-7recin) were resuspended in sample buffer containing SDS and 0-mercaptoethanol, boiled for 5 min, and analysed by SDS-PAGE on a 10% gel as described by Laemmli (20) . The proteins were transferred by electroblotting onto an Immobilon-P membrane and stained with Coomassie blue (1 mg/mL in 50% methanol). The stained HisRS fusion protein band was excised and sequenced using an Applied Biosystems 475A Protein Sequencer (Protein Core Facility, UTMB). Peptides were prepared by digesting 5 nmol of purified fusion protein with 2% (w/v) Trypsin or V-8 protease at 37°C overnight. The digestion mixture was fractionated over a Synchropak C-8 reverse phase HPLC column (6.5 /t, 100x4.1 mm from Alltech Associates Inc.) and purified peptides were sequenced as above. Yields typically ranged from 30 down to 0.8 pmol per cycle.
tRNA charging assays The aminoacylation assay was based on die method of Lin et al. (21) . A reaction mixture of 90 /tL consisted of 50 mM Tris-HCl, pH 7.4, 80 mM KC1, 20 mM MgCl 2 , 10 mM ATP, 0.1 mM EDTA, 0.5 mM dithiothreitol, 2.2 mg/mL total E.coli tRNA, and 0.76 nM L- [2, H]histidine (44 C;/mmol). The reaction was started by the addition of die S100 fraction at 37 °C. At 20,40 and 60 sec, a 25 yL, aliquot of die reaction mix was quenched by spotting onto 24 mm discs of Whatman 3MM paper. The discs were washed 3 times in cold 5 % trichloroacetic acid, once in 95 % ethanol and men air dried according to a modified method of Mans and Novelli (22) . The radioactivity was men determined in Bio-Safe II scintillation fluid using a Beckman model LS7500 liquid scintillation spectrometer.
RESULTS

Molecular cloning of the S. equisimilis hisS gene
The cloning of the hisS gene utilized the shuttle vector pSA3 (14) , which can replicate in both E.coli and Streptococcus. An EcoRI library was constructed from S. equisimilis D181 genomic DNA. Recipient HB101 transformant colonies were screened for the presence of a polysaccharide capsule. This screening strategy was devised for the isolation of a different Streptococcus gene, a polysaccharide synthase. Based on this screening, we initially isolated a plasmid carrying a truncated gene; the EcoRI fragment contained an ORF which could encode the first 278 amino acids. This partial gene and its deduced protein sequence were highly homologous (23) to die E.coli histidyl-tRNA synthetase gene (hisS) and its protein (HisRS). Southern blot analysis of Sphldigested genomic DNA showed a 1.8 kb fragment that hybridized to a 3' Nco I/EcoRI fragment from the truncated gene (used as a probe) but not to the 5' Xba I/Nco I fragment (not shown). This 1.8 kb fragment was cloned and sequenced. It was found to code for die remaining 148 amino acids of the initial ORF. corresponding '-35' promoter region was also found at nucleotide -180 to -175. In addition, the 5' region between nucleotides -146 and +1 exhibits potential secondary structure including several stem-loops ( Fig. 2A) , which may be important for transcriptional or translational control of gene expression. A Shine-Dalgarno (SD) consensus sequence for a strong ribosome binding site (25) was not found associated with the translational start site. However, possible SD sequences are at nucleotide -136 to -128. This region is upstream of the potential stemloop structures and could, therefore, be closer to the initiating codon ( Fig. 2A) . Several possible stem-loop structures were also present in the 3' flanking sequence of the gene (Fig. 2B) . Another long open reading frame of 965 nucleotides was found 242 nucleotides downstream of the hisS coding region. This second ORF was truncated and the amino terminal sequence of 321 amino acids deduced from the partial nucleotide sequence was found to be homologous to the E.coli (26) and yeast (27) aspartyl-tRNA synthetases (not shown). 
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Expression of the S. eqidsimilis hisS gene in E.coli
To confirm that the product of the hisS gene is a protein and to verify that it has aminoacylating or tRNA charging activity, we fused the coding region to the T7 promoter of the T7 RNA polymerase/promoter vector pT7-7 developed by Tabor and Richardson 2 (19) . The expected fusion protein contains an additional 15 amino acids at the amino end between Metj and Lysj. The fusion construct was then electroporated into HB101 carrying another plasmid, pGPl-2, which has the T7 RNA polymerase gene under regulation of a temperature-sensitive repressor (cIS57). By temperature induction at 42°C, the repressor is inactivated allowing the T7 RNA polymerase to be expressed and to transcribe the gene linked to the T7 promoter. By inhibiting the E.coli RNA polymerase with rifampicin, gene expression is limited almost exclusively to genes under the control of the T7 promoter. Under these conditions, the expected fusion protein was expressed at a level > 18% of the total cellular protein (Fig. 3) . The predicted MW of the fusion protein is 49, 864. The apparent M r of the fusion protein determined by SDS-PAGE is 53,700. A portion of the deduced amino acid sequence at the amino end (Lys2 through Leu 13 ) was confirmed by Edman sequencing of the intact protein (Fig. 1) . Additionally, six ouier tryptic or V-8 peptides were purified by HPLC and their amino acid sequences confirmed the deduced sequence at positions throughout ORF1. One discrepancy was found at position 229. Amino acid sequence analysis revealed Leu at this position, whereas the nucleotide sequence (CAA) indicated Gin.
Demonstration of histidyl-tRNA synthetase activity
To confirm the function of the hisS gene product, S100 extracts from the overexpressing cells were prepared and assayed for their ability to charge tRNA"". Nonradiolabeled His competed >90% for the incorporation of 3 H-His in the amino-acylation reaction (Fig. 4) . None of the other nineteen amino acids tested, present in 100-fold molar excess over radiolabeled histidine, was able to compete in the tRNA charging assay. Extracts prepared from E.coli HB101 (pGPl -2) cells alone showed no charging activity, indicating that the endogenous E.coli enzyme was not detected under the same conditions. Likewise S100 extract from the same cells transformed with a fusion construct with the coding sequence in the opposite orientation showed no tRNA 1 "* charging activity. These results prove that this gene product is a histidyl-tRNA synthetase and that the enzyme is specific for histidine.
DISCUSSION
To date, the histidyl-tRNA synthetases from man (28, 29) , hamster (28), yeast (30) , E.coli (23) , and S. equisimilis (this report) have been sequenced. These enzymes exhibit a relatively narrow range of polypeptide sizes, from 424 amino acids for the E. coli enzyme to 546 amino acids for the yeast mitochondrial enzyme. Homologies among die three eucaryotic HisRSs are high, with the greatest relatedness being 92% identity /similarity between the human and hamster HisRS enzymes. The yeast enzyme is 51% and 58% identical/similar to the human and hamster enzymes, respectively.
Comparison of the amino acid sequences of HisRS from E. coli (23) and S. equisimilis (Fig. 5) show tiiat me two bacterial enzymes are 58.4% homologous, wim 42.6% identical and 15.8% conservatively substituted amino acids. The E.coli HisRS is 11%, 38%, and 44% identical/similar to the human, hamster, and yeast HisRS enzymes, respectively. The 5. eqmsimilis HisRS, however, is only 16%, 18%, and 20% identical/ similar to the human, hamster, and yeast HisRS enzymes, respectively.
Despite the low level of homology between the E.coli and human enzymes and between the 5. equisimilis and the three eucaryotic enzymes, all five of these histidyl-tRNA synthetases share the three sequence motifs characteristic of Class II tRNA synthetases (Fig. 5) . As initially reported (28) the human HisRS did not appear to have motif 3, the GLER tetrapeptide. However, a subsequent correction to this region of the human HisRS (29) indicates that this enzyme does, in fact, contain Motif 3. Since the 5. equisimilis and E. coli HisRSs differ in length by only two amino acids and since the human and hamster enzymes (28) have the same number of amino acids, one would expect to find the three sequence motifs in the same locations. Motifs 1,2 and 3 in die two prokaryotic enzymes are at the same position within two amino acids. Motifs 1 and 2 in the three eucaryotic enzymes are exactly in the same locations (Fig. 6) . Although the yeast enzyme (30) is 38 amino acids longer than the human and hamster enzymes, motifs 1 and 2 are at the same site within one amino acid. Motif 3 in the yeast enzyme is 19 amino acids away relative to the position in the hamster enzyme. There are also differences in the composition of the conserved consensus tetrapeptides, FRNE (Motif 2) and GLER (Motif 3). The eucaryotic enzymes have YRRD instead of FRNE, and replace V for L in GLER.
Aside from sharing the three sequence motifs, there are two other regions found between motifs 2 and 3 (designated Regions 1 and 2 in Fig. 5 ) that are highly conserved among the five proteins. The functions of these two peptide regions are not known at this time, but it is possible that they provide additional interactions to stabilize substrate binding. Region 1 is a six amino acid conserved sequence (RGLDYY) and region 2 is also a sixamino acid sequence (RYDGLV). Based on a hydropathy plot (31), region 1 (amino acid positions 259-264) is hydrophilic in nature and is likely, therefore, to be located on die exterior of the Streptococcus HisRS. In contrast, region 2 (positions 287-292) is predicted to be hydrophobic in nature and is presumably located in the interior of the protein.
Compared 2 , are transcribed, it is likely diat crther Streptococcus-specific regulatory elements are used in die expression of these genes. The possible stem-loop structures spanning die 5' region from nucleotide -146 to -10 are close to the putative -10 and -35 promoter sites. If present at the DNA level these structures could be involved in die regulation of hisS gene transcription.
The 12-nucleotide palindromic sequence at -157 to -146 ( Fig. 1 ) may be a binding site for a regulatory factor diat controls expression of die hisS gene. This phenomenon is not uncommon for aminoacyl-tRNA syndietase genes. For example, in the E.coli alaS gene, Putney and Schimmel (33) found that gene transcription was repressed by its gene product, AlaRS, which binds to a palindromic sequence. The palindrome flanks die transcription initiation site and die TATA sequence. This type of transcriptional autoregulation might also occur widi the hisS gene. The presence of potential stem-loop structures located upstream of the translation start site ( Fig. 2A) may also be involved in regulation at die translational level. The E.coli ThrRS autoregulates its own expression by binding to its mRNA at 5' stem-loop structures and decreasing translation (34-36). The ribosome is prevented from binding to its rbs and translation is repressed. This repression is relieved by tRNA 71 " which displaces die bound syndietase from its mRNA and allows die syndiesis of ThrRS to proceed.
We also note diat die cloned DNA contains two Class II syndietase genes found in tandem, only 242 base pairs apart. Putative promoter elements and die Shine-Dalgarno sequence are found upstream of the second ORF. Again, potential stem-loop structures are found at die 5' untranslated region of diis gene (Fig. 2B ). It will be interesting to see if other tRNA syndietase genes are located immediately upstream of die hisS gene or downstream of die putative aspS gene. The aspS gene has not been mapped in E.coli; dius, it is not known if die same order of these genes seen in S. equisimilis is found in E.coli.
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ABBREVIATIONS
tRNA, transfer RNA; hisS, histidyl-tRNA synthetase gene; ORF, open reading frame; Tris, trishydroxyaminomethane. Throughout this paper, the structural genes encoding the amino acyl-tRNA synthetases are referred to by the standard three-letter code for the amino acids (lower case & italic) followed by S (in italic). The synthetases are denoted by the standard three-letter code followed by RS, e.g. HisRS for histidyl-tRNA synthetase.
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